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ATLAS detector at LHC
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Z boson in p+Pb @ 5.02 TeV
• Z boson yields asymmetric in y 
• shape better described with 

models containing nuclear PDF 
modification
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Z boson in p+Pb @ 5.02 TeV
• Z boson yields asymmetric in y 
• shape better described with 

models containing nuclear PDF 
modification 

• models with CT10 PDF set 
underestimate total cross section

7

Phys.Rev. C92 (2015) points. Following this, an integrated cross section for the region |y⇤
Z

| < 3.5 is defined for the combined
Z ! `` points based on both the Z ! ee and Z ! µµ data even though the Z ! µµ data are limited to
�3 < y⇤

Z

< 2. The systematic uncertainties associated with the combined results are fully correlated bin-
to-bin in each distribution. They are approximately 3% at midrapidity, and rise to about 10% at forward
and backward rapidity.

4 Results

4.1 Z ! `` cross section

From the combined Z ! ee and Z ! µµ data a total cross section of 139.8 ± 4.8 (statistical) ± 6.2
(systematic) ± 3.8 (luminosity) nb is obtained in the |y⇤

Z

| < 3.5 acceptance. Based on the MC simulation
(and the models discussed below) this acceptance covers approximately 99.5% of the total Z ! `` cross
section. Restricting the results to the smaller rapidity interval of �3 < y⇤

Z

< 2, the cross section is 119.3 ±
2.2 (stat.) ± 3.4 (syst.) ± 3.2 (lumi.) nb. Table 3 lists the integrated cross section in the larger and smaller
rapidity ranges as measured for each channel and their combination.

y⇤
Z

[�2, 0] [0, 2] [�3, 2] [�3.5, 3.5]
Z ! µµ 54.2 ± 1.6 ± 1.3 45.3 ± 2.1 ± 0.9 118.2 ± 3.3 ± 2.6 N/A
Z ! ee 55.1 ± 1.8 ± 5.9 46.5 ± 2.2 ± 5.0 121 ± 3 ± 13 143 ± 5 ± 17
Z ! `` 54.4 ± 1.3 ± 1.4 45.9 ± 1.4 ± 1.4 119.3 ± 2.2 ± 3.4 139.8 ± 4.8 ± 6.2
CT10 (NLO) 47.4 ± 0.9 46.8 ± 0.9 110.8 ± 2.9 132.2 ± 3.3
CT10+EPS09 (NLO) 48.7 ± 1.0 43.5 ± 1.1 108.6 ± 3.1 127.4 ± 3.6
MSTW2008 (NNLO) 48.3+1.2

�0.9 47.9+1.2
�0.9 113.5+2.8

�2.2 135.2+3.4
�2.7

Table 3: The measured integrated cross section, in nb, for several rapidity ranges, for Z ! µµ, Z ! ee, and the
combined Z ! ``. The first uncertainty listed is statistical and the second systematic. There is an additional 2.7%
luminosity uncertainty on each cross section. The cross sections predicted by the models (see text) are also shown.
The uncertainties listed with the model calculations are the PDF and scale uncertainties added in quadrature.

The measured cross section may be compared to a p+Pb model prediction composed of a linear sum of the
nucleon-nucleon cross sections: 82�(pp! Z+X) + 126�(pn! Z+X), corresponding to the numbers of
protons and neutrons in the Pb ion. The value of �(pn! Z+X) is 2% higher than that of �(pp! Z+X)
in all models discussed below. Calculating the baseline nucleon-nucleon cross sections using the CT10
PDF at next-to-leading order (NLO), as in the corresponding MC simulation, the model yields values of
132.2 ± 3.3 nb in the range |y⇤

Z

| < 3.5, and 110.8 ± 2.9 nb for �3 < y⇤
Z

< 2 where the uncertainties
are the sums in quadrature of PDF and scale (renormalization and factorization) uncertainties. Using the
MSTW2008 PDF, calculated with Fewz [37] at next-to-next-to-leading order (NNLO), cross sections of
135.2 +3.4

�2.7 nb are obtained for |y⇤
Z

| < 3.5 and 113.5 +2.8
�2.2 nb for �3 < y⇤

Z

< 2. At NLO the results from
MSTW2008 are very close to the CT10 results. In addition to the simple model of the p+Pb Z boson
cross section as a linear sum of nucleon-nucleon cross sections, calculations are performed incorporating
nuclear corrections of the PDF. Including the EPS09 modifications [38] to the CT10 PDF results in cross
sections of 127.4 ± 3.6 nb and 108.6 ± 3.1 nb, respectively.

For a more detailed understanding of Z boson production, the measured cross section as a function of the
Z boson rapidity is presented in Figure 4 and compared to model calculations. The data are seen to be

12

enhancement?

…or overal normalisation shift and deficit?
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W boson in p+Pb @ 5.02 TeV
• isospin effect: W+ bosons having on 

average a higher fraction of the proton 
momentum 

• W- boson measurement points are 
higher than the model prediction 

• lepton charge asymmetry: data are 
somewhat lower than the calculation 
on the Pb-going side 

• consistent with Z results

8

ATLAS-CONF-2015-056

Aμ = dNW+/dη - dNW-/dη

charge asymmetry
dNW+/dη + dNW-/dη
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Centrality and nPDF effects

• W boson pseudo-rapidity differential yields in centrality classes 
indicate centrality dependence of the modification

9

ATLAS-CONF-2015-056
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Centrality and nPDF effects
• rapidity differential yields in 

different centrality classes 
show common trend: 
asymmetry and enhancement 

• ratio of central to most 
peripheral yields seems to 
exhibit linear behaviour  

• Z boson measurements 
suggest centrality dependance 
of PDF modification 

10
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Z boson in pp @ 5.02 TeV

• 2 high quality reconstructed 
muons with pT > 20 GeV and 
inside |η| < 2.4 

• requiring low level of multi-jet 
background (isolation) 

• opposite charge pairs with 
invariant mass between 66 
and 116 GeV 

• 7293 Z boson candidates  
• total (24.7 ± 1.3) pb-1 of data

12
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Z boson in pp @ 5.02 TeV

• fiducial space:  
|yZ| < 2.5,  
66 GeV < mZ < 116 GeV 

• data unfolded with 
corrections from 
simulation  

• corrections differential in 
rapidity 

14

Corrections Systematics

Source Uncertainty range [%]

Muon Identification & Reconstruction

Muon Trigger

Muon Isolation
Background

Unfolding

Luminosity

1-1.5

1-1.2

0.05-1.6
<0.1
0.2-4

5.4
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Integrated cross section @ 5.02 TeV

•  𝜎Z(fiducial)=590 ± 9(stat) ± 11(sys) ± 32(lumi) pb 

• NNLO calculations including CT14 PDF set: 573 +13.94  pb 
• models with CT10 PDF sets underestimate the integrated cross section by ~9%

15

 -15.96 

Phys. Lett. B759 (2016) 601-621
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!

• rapidity differential cross 
section in agreement with 
CT14 @ NNLO  

• pp reference for Z boson  
p+Pb results

16

Differential cross section @ 5.02 TeV

ATLAS-CONF-2016-107
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Is there nuclear modification in p+A 
system seen by the EW probe?

17
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Nuclear modification factor 

18

• relative suppression in 
forward rapidity  
(low Bjorken x of Pb)  

• consistent with nuclear 
PDF modification 

dσpPb/dy
APb dσpp/dy

RpPb =

ATLAS-CONF-2016-107
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Nuclear modification factor 
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• isospin effects on the Pb 
going side (negative rapidity) 
but not describing deficit in 
positive rapidity

126 σpn + 82 σpp 

208 σpp
RpPb =
from simulation

ATLAS-CONF-2016-107

What seemed to be enhancement  
was rather scale offset and deficit…
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40-90% Centrality

RpPb in centrality classes
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• linear fit slope of 0.02 ± 0.04 
(40-90%) 

• suggests no asymmetry in 
peripheral pPb collisions 

RpPb = 1/Nevt dN/dy

⟨TpPb⟩ dσpp/dy
pp reference @ 5.02 TeVgeometry scaling

yields in pPb system 

nuclear !
modification

ATLAS-CONF-2016-107
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10-40% Centrality

RpPb in centrality classes
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• linear fit slope of -0.05 ± 0.03 
(10-40%) 

• slight asymmetry in more central 
pPb collisions 

RpPb = 1/Nevt dN/dy

⟨TpPb⟩ dσpp/dy
pp reference @ 5.02 TeVgeometry scaling

yields in pPb system 

nuclear !
modification

ATLAS-CONF-2016-107
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0-10% Centrality

RpPb in centrality classes
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• linear fit slope of -0.14 ± 0.04 
(0-10%) 

• suggests no asymmetry in 
peripheral pPb collisions 

RpPb = 1/Nevt dN/dy

⟨TpPb⟩ dσpp/dy
pp reference @ 5.02 TeVgeometry scaling

yields in pPb system 

nuclear !
modification

ATLAS-CONF-2016-107
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Summary

23

• measurements of Z and W boson production provide benchmark 
for understanding centrality and PDF modification in collisions 
with heavy nuclei 

• Z boson fiducial cross section measured in pp system at 5.02 TeV  

• models with new CT14 PDF set better describe Z boson yields 

• new pp reference data improves our understanding of centrality 
dependant nPDF 

• measured RpA indicates presence of nuclear modification that 
increases with centrality of the p+A collision 
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Anticipating Pb+Pb results

24

…new Pb+Pb measurements coming soon!
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Backup

25
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Z boson decay in ATLAS @ 5.02 TeV

26

4 TeV1.57 TeV

2013: 

2015:
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Geometry and centrality

• FCal energy as a measure of collision activity → data is divided 
into centrality classes!

• geometrical quantities from simulation !
• Z boson production rate expected to scale with the overlap of the 

two colliding nuclei (<TAB>)
27

A

B

Phys. Lett. B707 (2012) 

NZ = Nevt <TAB> σpp

nuclear overlap or fluxtotal number !
of inelastic events

pp cross section

Z yield
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Centrality in p+Pb system

• challenging due to asymmetry and less activity compared to Pb+Pb 
system 

• centrality bias correction applied for the correlation of hard process and 
underlying event used for determining collision centrality 

• several geometrical models: Glauber and Glauber-Gribov color 
fluctuation model

28
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4 Monte Carlo simulation

The response of the ATLAS detector and the performance
of the charged-particle reconstruction algorithms are evalu-
ated using one million minimum-bias 5.02 TeV Monte Carlo
(MC) p+Pb events, produced by version 1.38b of the Hijing

event generator [42] with diffractive processes disabled. The
four-momentum of each generated particle is longitudinally
boosted by a rapidity of 0.465 to match the beam conditions
in the data. The detector response to these events is fully
simulated using Geant4 [43,44]. The resulting events are
digitised using conditions appropriate for the pilot p + Pb
run and fully reconstructed using the same algorithms that
are applied to the experimental data. This MC sample is pri-
marily used to evaluate the efficiency of the ATLAS detector
for the charged-particle measurements.

The detector response and event selection efficiencies for
peripheral and diffractive p + Pb events have properties
similar to those for inelastic or diffractive pp collisions,
respectively. To evaluate these responses and efficiencies,
the pp samples are generated at

√
s = 5.02 TeV with par-

ticle kinematics boosted to match the p + Pb beam condi-
tions. Separate samples of minimum-bias, single-diffractive,
and double-diffractive pp collisions with one million events
each are produced using both Pythia6 [45] (version 6.425,
AMBT2 parameter set (tune) [46], CTEQ6L1 PDF [47]) and
Pythia8 [48] (version 8.150, 4C tune [49], MSTW2008LO
PDF [50]), and simulated, digitised and reconstructed in the
same manner as the p + Pb events. These six samples are
primarily used for the Glauber model analysis described in
the “Appendix”.

5 Centrality selection

For Pb + Pb collisions, the ATLAS experiment uses the
total transverse energy,

∑

ET, measured in the two forward
calorimeter sections to characterise the collision centrality
[51]. However, the intrinsic asymmetry of the p + Pb col-
lisions and the rapidity shift of the centre-of-mass causes
an asymmetry in the soft particle production measured on
the two sides of the calorimeter. Figure 1 shows the corre-
lation between the summed transverse energies measured in
the proton-going (3.1 < η < 4.9) and Pb-going (−4.9 <

η < −3.1) directions,
∑

E
p
T and

∑

EPb
T , respectively. The

transverse energies are evaluated at an energy scale calibrated
for electromagnetic showers and have not been corrected for
hadronic response.

Figure 1 shows that the mean
∑

E
p
T rapidly flattens with

increasing
∑

EPb
T for

∑

EPb
T ! 30 GeV, indicating that

∑

E
p
T is less sensitive than

∑

EPb
T to the increased parti-

cle production expected to result from multiple interactions
of the proton in the target nucleus in central collisions. Thus,
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∑

EPb
T values for events satisfying all analysis cuts

including the Pb-going rapidity gap exclusion. The alternating shaded
and unshaded bands indicate centrality intervals, from right (central) to
left (peripheral), 0–1, 1–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–90 %
and the interval 90–100 % that is not used in this analysis

∑

EPb
T alone, rather than

∑

EPb
T +

∑

E
p
T , is chosen as the pri-

mary quantity used to characterise p+Pb collision centrality
for the measurement presented in this paper. However, we
describe alternate choices of the centrality-defining region
below and evaluate the sensitivity of the measurement to this
definition.

The distribution of
∑

EPb
T for events passing the p + Pb

analysis selection is shown in Fig. 2. The following central-
ity intervals are defined in terms of percentiles of the

∑

EPb
T

distribution: 0–1, 1–5, 5–10, 10–20, 20–30, 30–40, 40–60,
and 60–90 %. The

∑

EPb
T ranges corresponding to these cen-

trality intervals are indicated by the alternating filled and
unfilled regions in Fig. 2, with the 0–1 % interval, containing
the most central collisions, being rightmost. Since the com-
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Appendix: Glauber model analysis

The PHOBOS Glauber MC program [53] is used to perform
the standard Glauber model calculations used in this analysis.
The Pb nucleon density is taken to be a Woods–Saxon distri-
bution with radius and skin depth parameters, R = 6.62 fm
and a = 0.546 fm [63], respectively. The nucleon–nucleon
inelastic cross-section is taken to be 70 mb. The resulting
probability distribution, P(Npart), of the number of partici-
pating nucleons Npart – nucleons that undergo at least one
hadronic scattering during the p + Pb collision – is shown in
Fig. 13.

The GGCF model is implemented in a modified version of
the PHOBOS MC program. Following Ref. [36], the proba-
bility distribution to find the nucleons in a configuration hav-
ing a nucleon–nucleon scattering cross-section, σ , is taken
to be

P(σ ) = ρ

(

σ

σ + σ0

)

exp
{

−
(σ/σ0 − 1)2

#2

}

. (6)
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Fig. 13 Glauber and GGCF Npart distributions for 5.02 TeV p + Pb
collisions obtained from one million simulated events each. The inset
shows the GGCF PH(σNN ) distributions for ωσ = 0.11 and 0.2

Table 2 Parameters used in the parameterisation of the GGCF P(σtot)
distribution

Parameter ωσ = 0.11 ωσ = 0.2

# 0.55 1.01

σ0 (mb) 78.6 72.6

σtot (mb) 86 94.8

λ 0.82 0.74

Here, ρ is a normalisation constant, # controls the width of
the P(σ ) distribution, and σ0 determines the configuration-
averaged total cross-section σtot ≡ ⟨σ ⟩. The inelastic cross-
section, σNN, is taken to be a constant fraction, λ, of the total
cross-section [37] so the probability distribution of σNN is
given by

PH(σNN) =
1
λ

P(σNN/λ). (7)

The values used in this analysis for #, σ0, σtot and λ

corresponding to ωσ = 0.11, 0.2 are shown in Table 2.
The first, earlier analysis yielding ωσ = 0.11 [36] assumed
σtot = 86 mb, consistent with the Donnachie and Landshoff
[64] parameterisation of σtot (s). The second analysis yield-
ing ωσ = 0.2 used an updated measurement of the pp total
cross-section at the LHC [65] to set σtot = 94.8 mb. How-
ever, modifying the parameters for the ωσ = 0.11 case to
be consistent with this improved knowledge of σtot produces
a negligible change in the resulting P(σ ) distribution. The
values for λ are chosen to produce the above-quoted nucleon–
nucleon inelastic cross-section of 70 mb. The GGCF PH(σNN)

distributions are shown in the inset of Fig. 13, while the
resulting P(Npart) distributions are shown in the main panel
of the figure.

To connect an experimental measurement of collision cen-
trality such as

∑

EPb
T to the results of the Glauber or GGCF

Monte Carlo simulation, a model for the Npart dependence
of the

∑

EPb
T distribution is required. The usual basis for

models previously applied to A + A and p/d + A colli-
sions is the WN model [12], which predicts that the average
∑

EPb
T increases proportionally to Npart with the proportion-

ality constant equal to one half the corresponding average
FCal

∑

ET in pp collisions.
Under the WN model, the

∑

EPb
T distribution for fixed

Npart would be obtained from a Npart-fold convolution of the
corresponding distribution in pp collisions. This convolution
is straightforward if the

∑

ET distribution in pp collisions is
described by a gamma distribution [66]

gamma
(
∑

ET; k, θ
)

=
1

'(k)

1
θ

(
∑

ET

θ

)k−1

e−
∑

ET/θ ,

(8)
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EW boson scaling in p+Pb system

• uncorrected Z and W boson yields grow with centrality 
• Gribov color fluctuations or centrality bias correction lead to 

well understood picture of binary scaling 
29

The shape modification of the pseudorapidity distribution with centrality present in the W boson data is
similar to the trend observed in the Z boson data [19].

Figure 4 shows the W boson production rates per nucleon–nucleon collision in the fiducial acceptance of
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Figure 4: W boson production rates per nucleon–nucleon collision and per MB events taken in the corresponding
centrality class NpPb,MB in the fiducial acceptance of the ATLAS detector as a function of the number of participants,
hNparti. The three panels are for three centrality association models. The upper panel shows also the rates measured
for the W

+ (diamonds) and W

� (squares) separately. Lines show the result of the Powheg–based model using CT10
PDFs and the natural ratio of neutrons and protons in Pb nuclei. Open markers show the data without centrality
bias correction.

the ATLAS detector as a function of the number of participants. The results of the CT10 calculations are
shown as dashed lines and are the same in all panels. The three panels correspond to the three centrality
association models used in Refs. [18, 19]. The upper panel uses the standard Glauber model, while the
middle and the lower panels use Glauber-Gribov Colour Fluctuation (GGCF) model extensions with the
parameter of fluctuations !� = 0.11 and 0.2 respectively.

Inclusive W

± boson production yields are shown with open markers. Filled markers represent the same
data after applying the centrality bias correction. The presence of a W boson is correlated with a larger
transverse energy of the underlying event. Consequently, more energy may be deposited in the Pb-going
side FCal in events containing a hard scattering process than in those coming from soft production. This
causes a bias as the W boson yield is enhanced in the more central events but depleted in the more
peripheral ones. Centrality bias correction is calculated assuming the average yield from hard scattering
processes in each nucleon-nucleon collision and is proportional to the contribution from that collision to
the ET, which determines ⌃E

FCal
T . The centrality bias is corrected according to the procedure explained in
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